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(57) ABSTRACT

A method for measuring thickness or defect depth by pulsed
infrared thermal wave technology is described. The method
includes heating a measured object by pulsed heating
devices, and at the same time, obtaining a thermal image
sequence on the surface of the measured object by an
infrared thermography device, and storing the thermal image
sequence in a general-purpose memory. The method also
includes multiplying a temperature-time curve at every point
of the thermal image sequence by a corresponding time,
thereby obtaining a new curve. The method also includes
calculating a first-order differential and obtaining a peak
time thereof. The method also includes use of one or more
formulas to thereby determine the thickness or the defect
depth of the measured object.

4 Claims, 3 Drawing Sheets
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1
METHOD FOR MEASURING THICKNESS
BY PULSED INFRARED THERMAL WAVE
TECHNOLOGY

CROSS REFERENCES TO RELATED
APPLICATIONS

This application is a national stage application and claims
priority from International Application serial No. PCT/
CN2011/000984 filed on Jun. 14, 2011.

TECHNICAL FIELD

The present subject matter relates to the field of nonde-
structive inspection testing technology, more particularly to
infrared thermal wave technology and a method for mea-
suring thickness or defect depth of measured objects by
using pulsed infrared thermal wave technology.

BACKGROUND

A nondestructive testing method using pulsed infrared
thermal waves is a nondestructive testing technology devel-
oped since the 1980s. Based on thermal wave theory as a
theoretical basis, the nondestructive testing method using
pulsed infrared thermal waves achieves quantitative diag-
nosis of internal defects or damage of an object, by actively
applying pulsed thermal excitation to a measured object,
continuously observing and recording object surface tem-
perature field variation with an infrared thermal imaging
system, and by testing, acquiring, data processing and ana-
lyzing time series thermal wave signals according to modern
computer technology and image information processing
technology.

An important application of quantitative measurement of
nondestructive testing technology by using pulsed infrared
thermal waves is to measure defect depth or thickness of a
measured object. The defect depth or the measured object
thickness is generally calculated by obtaining a certain
characteristic time constant of a temperature-time curve.
U.S. Pat. No. 5,711,603 uses a derivative peak time of a
defect region subtracting a reference region temperature
curve as the characteristic time. U.S. Pat. No. 5,711,603
requires that a reference region is first selected, which is
difficult to achieve in some applications and introduces
errors. A thermal contrast peak method uses the peak time of
the defect region subtracting a reference region temperature
curve as the characteristic time. However, the peak time is
highly affected by factors such as defect size and so on, and
also requires a reference region. S. M. Shepard uses the
second-order peak time of a temperature-time logarithmic
curve as the characteristic time. The method of S. M.
Shepard has an advantage that the corresponding peak time
is at a relatively early time and is less affected by three-
dimensional thermal diffusion. However, the method of S.
M. Shepard has a drawback that the second-order differential
peak time is largely affected by noise. In the above noted
several methods, the defect depth or thickness and the
obtained corresponding characteristic time value have deter-
mined theoretical relational expressions. A logarithmic
deviation time method uses a separation time of the defect
region and non-defect region in a temperature-time loga-
rithmic curve as the characteristic time. The logarithmic
separation point method also requires a reference curve, and
at the same time, it is relatively difficult to accurately
determine the separation point. U.S. Pat. No. 6,542,849
selects an approximately linear region from a temperature-
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time curve, which is fitted to derive its slope. And then
defect depth is finally derived by curve fitting with a
temperature decreasing theoretical formula. X. Maldague
performs a Fourier transform to temperature-time curves,
subtracts a reference curve, and uses the zero value time as
the characteristic time value.

The above noted several methods in the prior art require
a reference curve or a second-order differentiation. Each
method has its own different application area.

SUMMARY

Aiming at the technological problem that the above
methods require a reference curve or require performing a
second-order differentiation, the present subject matter pro-
vides a new method for thickness measurement using pulsed
infrared thermal wave technology to measure the thickness
or the defect depth of objects to be measured (referred to
herein as the “measured objects”).

In order to solve the technological problems described
above, a method of the present subject matter for measuring
the thickness or the defect depth using pulsed infrared
thermal wave technology comprises the following steps or
operations:

(1) Heating a measured object by a pulsed heating device,
at the same time, obtaining a thermal image sequence on the
surface of the measured object by an infrared thermal
imager, and storing the thermal image sequence in a general-
purpose memory;

(2) Multiplying a temperature-time curve of each pixel in
the thermal image sequence by vt of a corresponding time t,
thereby obtaining a new curve f;

(3) Calculating a first-order differential for the f to obtain
a ' and obtaining a peak time t,,,, of the f;

(4) Calculating L by a formula

L2
Iapst = %’

wherein o is a thermal diffusivity coefficient, and L is the
measured object thickness or the defect depth.

In this method, the thermal diffusivity coefficient o is
known.

In applications in which the thermal diffusivity coefficient
a is unknown, a sample which has the same material
property with the actual measured object and which has a
known L is selected as a standard sample. The standard
sample is measured to obtain a linear relationship between
topse @0 L. L is obtained according to the above said linear
relationship and the value t,,,, of the measured object.

The pulsed heating device can be in the form of high-
energy flash lamps or other pulsed heat sources.

By the above technological solution, the present subject
matter can measure the measured object thickness or the
defect depth without a reference curve and only with a
first-order differential. And thus the present processing
method becomes simpler than previously known methods.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of pulsed infrared thermal
wave technology;

FIG. 2 is a typical temperature decreasing curve of pulsed
infrared thermal wave;
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FIG. 3 is a curve of the variable f obtained after the curve
of FIG. 2 is processed;
FIG. 4 is a first-order differential curve of FIG. 3;

FIG. 5 is a t,,, versus L? curve obtained from an alumi-

num plate with six wedge-shaped grooves of different >

depths.

The following is a description of reference signs used in
the noted figures: High-energy flash lamps—1; a measured
object—2; an infrared thermal imager—3; and a computer—
4.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

The shape, structure, and characteristics of the present
subject matter may be better understood from the following
detailed description of various embodiments illustrated in
the accompanying drawings.

The theoretical basis of the present subject matter is on the
solution of a one-dimensional heat conduction equation
based on pulsed plane heat source excitation. And with
regard to the semi-infinite homogeneous medium, under an
irradiation of uniform pulsed heat source parallel to a
medium plane, the heat conduction equation can be simpli-
fied as:

M

kBZT(x,t) AT, 1) S5
Sa— ~ PO = ~adno)

i
Iyl
oo

In equation (1), T(x,t) is the temperature at the position x
and at the time t, qd(t)d(x) is a pulsed heat source function,
q is a constant and q is the amount of heat applied per unit
area, and k (W/m-K) is the thermal conductivity. The prod-
uct of the density p (kg/m>) and specific heat ¢ is the heat
capacity of the medium material. The thermal diffusivity
coefficient is a=kl(pc). For a particular medium, under
general circumstances, o can be regarded as a constant.

When there is a defect under the object surface, or when

the measured object is relatively thin, the solution of the heat
conduction equation is:

2
q @

wynr

—nsz)

AT, 1) = —

1+ ZZ exp(

n=1

In equation (2), e is the thermal effusivity of the measured
object, n is an n-th reflection which occurs when a pulse
propagates to the interface between two materials, and L is
the thickness (or the defect depth) of the measured object.
Both ends of the above said formula multiplies vt of the
corresponding time. And thus a new variable f is defined as:

3
q 3

=ATO,n-Vi =
£ 0,0 e

N —n?L?
1+ ZZ exp\ ——

n=1

Next, the derivative of formula (3) is taken to obtain a f'(t)
curve. Considering multiple reflections, the peak time of the
f'(t) curve can be approximately expressed as:
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2 (]

Iapst = b

Thereby the theoretical relationship between the defect
depth or the thickness of the measured object and the peak
time of the first-order differentiation of f is obtained. The
defect depth or the measured object thickness [ can be
obtained by the peak time of the first-order differentiation of
f. In terms of the infrared thermal wave theory, the measured
value L is the first interface encountered by a thermal wave
in a heat conduction process. That is, the measured value L.
is the defect depth. And if there is no defect, the measured
value L is the thickness.

The theoretical basis of the present subject matter is based
on a pulsed thermal imaging method. Assuming that the
ideal pulsed heat source irradiates at the surface (x=0) of the
measured object at the time t=0, the energy irradiated is
completely absorbed by the surface. In an actual system, the
heating device for heating the measured object can be a
high-energy flash lamp or other pulse-type heating devices.
In order to improve the calculation accuracy, it should be
ensured that an irradiating time of the pulsed flash lamp
should be short enough, and that an acquisition frequency of
the thermal imaging system should be configured higher. An
acquisition time is set up according to material properties of
the specific measured object.

FIG. 1 is a technological schematic diagram illustrating
pulsed infrared thermal wave technology for measuring the
defect depth or the thickness of the measured object in
accordance with the present subject matter. And at the same
time, FIG. 1 is also a schematic illustration of a typical
structure of an actual system using the method of the present
subject matter.

Referring to FIG. 1, a plurality of high-energy flash lamps
apply a visible light energy to the surface of the measured
object 2. The temperature of the surface of the measured
object 2 increased by the energy of the high-energy flash
lamps 1, and instantaneously arrives at a peak value. And
due to a temperature difference between the surface and the
interior of the measured object 2, heat is transmitted from
the surface to the interior of the object along the direction of
the depth. An infrared thermal imager 3 records the change
in the temperature field of the surface of the measured object
2 in real time. A computer 4 acquires thermal image data
from the infrared thermal imager 3, and obtains a thermal
image sequence on the temperature field of the surface of the
measured object 2.

The process of using the pulsed thermal imaging method
for measuring the defect depth or the measured object
thickness will be described combined with the following
embodiment. This embodiment uses an actual measured
object which is manufactured after an aluminum material is
surface anodized. In the actual measured object, there are 6
wedge-shaped grooves having a depth of 2 to 7 mm from the
surface.

FIG. 2 is a temperature decreasing curve, i.e. a tempera-
ture-time curve, of a surface corresponding to a wedge-
shaped groove with a certain depth in the obtained thermal
image sequence after the above actual measured object is
measured employing the system of FIG. 1. A f curve shown
in FIG. 3 is obtained by processing the temperature decreas-
ing curve by the formula (3). The f curve obtained by
processing the original temperature decreasing curve is a
temperature rising curve. The f curves corresponding to
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materials with different attributes or corresponding to struc-
tures with different depths have different change rates and
different saturation rates.

A first-order differential curve shown in FIG. 4 is obtained

by differentiating FIG. 3, the time corresponding to the peak
of the curve is marked as t,,,, and the relationship between
the peak time and the measured object thickness or the
defect depth is the formula (4). When the thermal diffusivity
coeflicient « is known, using the formula (4), the thickness
or the defect depth can be directly calculated by calculating
ta ST°
pWhen the thermal diffusivity coefficient is unknown, the
linear relationship between t,,,, and the square of the thick-
ness or the defect depth L. of the measured object are used.
And the linear relationship of a standard sample is obtained
via the standard sample. And thus the measured object
thickness or the defect depth is obtained.

Specifically, a sample which has the same material prop-
erty with the actual measured object is selected as a standard
sample. And then the thermal diffusivity coefficient a of the
standard sample is the same as that of the measured object,
and the thickness or the defect depth L. of the standard
sample is known. The standard sample is measured to obtain
the t,, ., of the standard sample, and thus a relationship
between t,,,,, and L? of the standard sample is obtained. For
example, by measuring an aluminum plate comprising six
wedge-shaped grooves with different depths in the embodi-
ment, a t,,, versus L? curve is obtained as shown in FIG. 5.
According to the t,,,, versus L? curve and the value Capst
obtained by measuring the measured object, a value L* of the
measured object can be then calculated. And thus a value L
is obtained.

After processing the thermal image sequence by the
method provided by the present subject matter, the thickness
or the defect depth of the measured object can be measured
without a reference curve and only with a first-order differ-
ential.

Specifically, the technological solution employed by the
present subject matter comprises the following steps or
operations:

1. Heating a measured object by a pulsed heating device,
and at the same time, obtaining a thermal image sequence on
the surface of the measured object by an infrared thermal
imager, and storing the thermal image sequence in a general-
purpose memory;

2. Multiplying a temperature-time curve of each pixel in
the thermal image sequence by vt of a corresponding time t,
thereby obtaining a new curve f;

3. Calculating a first-order differential for the f to obtain
a I, and obtaining a peak time t,,, of the f';

4. Calculating L=y2at,,, according to the obtained t

by a formula

apst

12
Iapst = P

In this solution, the thermal diffusivity coefficient a of the
measured object is known. Alternately, the linear relation-
ship between t,,, and L? is used, and a standard sample is
used to calibrate the linear relationship between t___, and L2,
and thus the thickness can be measured.

apst
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The heating device used when exciting the measured
object may be high-energy flash lamps or other pulse-type
heating devices. The high-energy flash lamps or other pulse-
type heating devices should have a shorter pulse acting time.
The acquisition frequency of the thermal imaging system
should be set higher. And the acquisition time should be set
according to the specific material properties of the measured
object.

Many other benefits will no doubt become apparent from
future application and development of this technology.

All patents, published applications, and articles noted
herein are hereby incorporated by reference in their entirety.

The above description of the present subject matter is
intended to be illustrative, rather than restrictive, it should be
appreciated by those skilled in the art that many modifica-
tions, changes or equivalences can be made to the present
subject matter within the spirit and scope of the claims, but
they all will fall within the protection scope of the present
subject matter.

What is claimed is:

1. A method for measuring thickness by using pulsed
infrared thermal wave technology, comprising:

(1) heating a measured object by a pulsed heating device
placed near a side of the measured object, at the same
time, obtaining a thermal image sequence on the sur-
face of the measured object by an infrared thermal
imager placed near said side of the measured object,
and storing the thermal image sequence in a general-
purpose memory;

(2) multiplying a temperature-time curve of each pixel in
the thermal image sequence by vt of corresponding
time t, thereby obtaining a new curve f;

(3) calculating a first-order differential for the f to obtain
a I, and obtaining a peak time t,,, of the {'; and

(4) calculating L=y2af,_, by a formula

apst

L2
Iapst = %

wherein o is a thermal diffusivity coefficient, and L is the
thickness or the defect depth of the measured object.

2. A method for measuring thickness by using pulsed
infrared thermal wave technology according to claim 1,
wherein the thermal diffusivity coefficient o is known.

3. A method for measuring thickness by using pulsed
infrared thermal wave technology according to claim 1,
wherein said thermal diffusivity coefficient o is unknown, a
sample which has the same material property as the mea-
sured object and which has a known thickness or a known
defect depth L is selected as a standard sample; the standard
sample is measured according to the steps (1)-(3) of claim 1
to obtain the t,,, of the standard sample, and thus a linear
relationship between t,,,, and L? of the standard sample is
obtained, and a value L of the measured object is calculated
according to the linear relationship and the value t,,, of the
measured object.

4. A method for measuring thickness by using pulsed
infrared thermal wave technology according to claim 1,
wherein the pulsed heating device is a high-energy flash
lamp.



